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ARTICLE INFO ABSTRACT 

Keywords: ultrahigh-performance concrete is a type of advanced concrete that can improve the resilience 
Ultrahigh-performance concrete and durability of concrete structures. The utilization of available supplementary cementitious 
Compressive strength materials is a critical step in saving energy and materials, as well as lowering the cost of concrete. 
Flowability ; š š i a PE ie p 
Fly ash This research investigated the impact of sand grain size distribution, supplementary cementitious 
Microsilica materials, and curing regimes (CRs) on the compressive strength of ultrahigh-performance con- 


crete. The findings showed that a 90-d strength of 175 MPa could be obtained with a microsilica 
volume of 5 % and without heat-curing. The highest strength was obtained after curing for 48 h at 
60 °C, followed by 72 h at 90 °C. Moreover, when compared to natural grain size distribution 
sand, the usage of finer sand enhances compressive strength. When microsilica is added, however, 
this impact is minimized. 


1. Introduction 


The advancement of supplementary cementitious materials, for instance, fly ash (FA) and microsilica, and chemical admixture, for 
instance, high-range water reducer, results in the creation of numerous varieties of high-quality concrete [1-8]. “High-strength 
concrete, high-performance concrete, and fiber-reinforced concrete are examples of these types of concrete. Further advancements in 
concrete technology have resulted in the creation of a new type of concrete known as ultrahigh-performance concrete. 
Ultrahigh-performance concrete is a cementitious composite having a tensile strength of 6 MPa and compressive strength of 150 MPa 
[9-13]. The age at which ultrahigh-performance concrete develops this strength is unknown. Several projects in Germany, the U.S, 
Canada, Australia, and France have proved the benefits of employing ultrahigh-performance concrete in the design of prestressed, 
precast concrete buildings [14-16]. Ultrahigh-performance concrete is primarily employed in bridge applications in the U.S, 
comprising prestressed, precast, precast waffle panels, bridge girders, and as a jointing material between precast concrete deck girders 


Abbreviations: CR, Curing regimes; CS, Compressive strength; FA, Fly ash; GGBS, Ground Granulated Blast Furnace Slag; UHPFC, Ultra-high 
performance fiber concrete. 
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and panels” [17-19]. 

Because it comprised only exceptionally fine ingredients, ultrahigh-performance concrete was first known as reactive-powder 
concrete in the 1990s [20-23]. A typical ultrahigh-performance concrete mix contains cement, extra cementitious ingredients, fine 
sand, quartz, steel fiber, a high-range water reducer, and low water content [6,24—26]. Many ultrahigh-performance concrete mix 
proportions omit coarse aggregate. This exclusion lowers the number of microcracks in the coarse aggregate as well as in the ITZ 
between the coarse aggregate and paste matrix. These microcracks have the potential to improve the permeability of concrete. 
Furthermore, as the concrete resists external stresses, mechanical cracks form at the existing microcracks and spread through the 
coarse aggregate and paste matrix, potentially leading to concrete collapse. As a result, excluding coarse aggregate is required to 
increase the durability and strength of ultrahigh-performance concrete [27-29]. 

In terms of placement processes, “ultrahigh-performance concrete may decline the time and effort involved. Ultrahigh-performance 
concrete has rheological characteristics comparable to self-consolidating concrete. As a result, casting efforts are minimized, although 
more form preparation could be required [30-34]. The usage of a high-range water reducer is one of the primary variables leading to 
ultrahigh-performance concrete’s great workability, whereas a low water content is required to obtain a high compressive strength. 
The water to binder ratio of ultrahigh-performance concrete could well be declined to 0.14” [20,3542], where the binder is the entire 
content of cement and extra cementitious ingredients. Nevertheless, the needed w/c ratio for complete cement hydration is 0.33 [43, 
44]. The degree of hydration rises from 75 % to 95 % for standard concrete with a typical w/c ratio of 0.4. The water dosage of 
ultrahigh-performance concrete is so low that none of the cement particles are hydrated [45-47]. 

In several areas, ultrahigh-performance concrete is offered as a premix. “The premix needs specific care when blending, casting, 
curing, and testing. A high-shear mixer, for instance, is often required for blending ultrahigh-performance concrete, and a heat-curing 
process may be utilized to generate a high compressive strength. Ductal® is a commercialized type of ultrahigh-performance concrete 
created in collaboration with three companies: Rhodia, Lafarge, and Bouygues [48-52]. As a micro-filler ingredient, quartz powder 
with a Ø of 10 um is utilized in the ultrahigh-performance concrete premix, which also comprises high tensile strength fibers” [23,52, 
531. 


2. Research significance 


Due to the advantages and challenges specific to the ultrahigh-performance concrete, additional studies are warranted. This paper 
aims to improve the understanding of ultrahigh-performance concrete by investigating the influences of sand grain size distribution, 
binder type and content, and CRs on concrete’s compressive strength. 


3. Experimental investigation 
3.1. Materials 


The binder for this investigation study is ordinary Portland cement Type I, densified microsilica, and Class C FA. Tables 1 and 2 lists 
the characteristics of cement-based materials. For the creation of ultrahigh-performance concrete, three grades of river sand were 
employed. Sand-A had a natural grain size distribution that ranged from the No. 4 sieve to the No. 200 sieve as shown in Fig. 1. Sand-B 
had lower particle sizes, passing the No. 30 filter but being held on the No. 50 screen as shown in Fig. 1. Another variety of sand (Sand- 
C) that passed sieve No. 200 was utilized to assess the impact of CRs on the compressive strength of concrete as shown in Fig. 1. Steel 
fiber made about 2.5 % of the total volume. The steel fibers were 13 mm in length and 0.25 mm in @, and the high-range water reducer 
admix was carboxylate-based. Moreover, the properties of the materials used in this investigation were within the scope of previous 
studies [54-57]. 


3.2. Testing procedure 


Cube samples of 100 mm were cast to determine the compressive strength of concrete at 1, 7, 28, 56, and 90-d. The compression 
test was conducted in accordance with ASTM C 109 [58]. The load rate used was 1.3 MPa/s. After blending cement, sand, microsilica, 
and/or FA for 12 min, water and high-range water reducer additive were progressively added. Because of the high binder dosage and 
low water to binder ratio, all mixes required 12-25 min to mix. The concrete was then deposited without vibration in steel molds. After 
1-d, the cubes were demolded and wet cured at 25 C till testing. 

The flowability of fresh ultrahigh-performance concrete mixes was used to assess the rheology of the ultrahigh-performance 
concrete mixes. A flow table test was used to perform the flow test by ASTM C 1437 [59]. Flow tests were performed immediately 


Table 1 
Physical characteristics of cement-based materials. 
Physical Specific area (cm?/ Mean grain size Color Initial setting Final setting Density (g/ Specific 
Characteristics gm) (um) (min) (min) cm?) gravity 
Cement 3250 22.5 Dark Gray 45 360 3.15 2.2 
Microsilica 150,000- 0.15 Light to Dark - - 2.21 3.1 
300,000 Gray 
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Table 2 
Chemical compositions of cement-based materials. 
Compositions (%) CaO Al203 SiO2 MgO Fe203 Na20 K20 SO3 LOI 
Cement 63.61 5.04 20.25 4.56 3.16 0.08 0.51 2.1 3.13 
Microsilica 0.7 1.12 85 0.8 1.46 0.8 1.056 - <6 
FA 23.5 23.1 39.2 6.2 6.5 1.9 0.95 = = 
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Fig. 1. Sand grain size distribution. 


after the blending of each batch, and all mixes were evaluated twice. 

Table 3 shows the proportions of the mix. To investigate the impact of microsilica on concrete compressive strength, microsilica 
was utilized at various percentages of 0, 7.5, 15, 20, and 25 % of the total binder content. The most effective microsilica content for 
ultrahigh-performance concrete would be determined by this broad range of microsilica substitutions. The FA content was 0, 30, 40, 
and 50 % by weight of the total binder content, respectively. 

The CRs are also given in Table 3. For all ultrahigh-performance concrete mixes, CR I was utilized. Until the day of testing, this CR 
consisted of wet curing at 25 °C. M-16 I and II mixes were treated to three further CRs, II, III, and IV. For regimen II, the samples were 
cured for 5-d after casting at 75 °C and 95 % humidity before being examined. CR III included heat-curing at 100 % humidity for the 
first 5-d after curing. The temperature was 70 °C for the first 3-d and 100 °C for the final three. For the last CR, IV, the samples were 


Table 3 
Mixture proportions. 
Mixture Binder water to binder ratio Microsilica FA Steel fiber high-range water reducer Sand Curing 
(kg/m?) (%) (%) (%) kg/m? regimes 

M-1 920 0.23 - - - 34.6 Sand-A I 

M-2 = - = Sand-B I 

M-3 7.5 - - Sand-A I 

M-4 15 - - Sand-A I 

M-5 20 - - Sand-A I 

M-6 25 - - Sand-A I 

M-7 7.5 - - Sand-B I 

M-8 - 30 - Sand-A I 

M-9 - 40 - Sand-A I 

M-10 - 50 - Sand-A I 

M-11 5 30 - Sand-A I 

M-12 1050 - - 38.2 Sand-A I 

M-13 - - - Sand-B I 

M-14 7.5 - - Sand-B I 

M-15 7.5 30 - Sand-B I 
M-16-A 1410 25 - - 51.3 Sand-C I, II, IHI, and IV 
M-16-B 25 - 2.5 Sand-C I, II, IHI, and IV 
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cured at 25 °C and 90 % humidity for the first 7-d after casting, followed by 4-d at 100 °C and 100 % humidity. 

4. Experimental findings and discussion 

4.1. Flowability 


Fig. 2 shows the findings of the measured flow of ultrahigh-performance concrete mixes. As can be observed, the fresh state 
characteristics alter dramatically with microsilica and sand grain size distribution addition. “Flow diameter variations were observed 
for composites formed from ternary blending of FA and microsilica. The declined workability of FA or microsilica-containing mixes can 
be attributed to an increase in calcium content and its rapid reactivity with the alkaline activator, where extra calcium served as nuclei 
for the precipitation of dissolved species from FA and impacted the coagulation rate”[31-33]. 


4.2. Compressive strength (CS) 


Fig. 3 summarizes the CSs of mixes M-1 through M-15. Each CS value in the table is the average of three samples. 

Fig. 4 depicts the impact of microsilica on the CSs of concrete. This graph shows the test findings for M-1, M-3, M-4, M-5, and M-6. 
Because all of these mixes included Sand-A, the comparison is valid. In general, regardless of the substitution rate, the usage of 
microsilica boosted strength at all ages. At 1, 28, 56, and 90-d, Mixture M-3 exhibited the highest CS. M-3 90-d CS was 10 % greater 
than the strengths of M-1, M-4, M-5, and M-6. At 1, 28, 56, and 90-d, the CS of M-3 was somewhat larger than that of M-4. 

Fig. 4 further demonstrates the need of employing microsilica for ultrahigh-performance concrete mix percentage. At all ages, the 
CSs of M-1 are lower than those of M-3, M-4, and M-5. However, using too much microsilica had a detrimental impact on the CSs of the 
concrete. M-6 has higher CSs than M-1 but lower CSs than the other mixes. Several studies have demonstrated that when microsilica 
dosage rises, CS increases. “Curing circumstances may have contributed to this difference when compared to other investigations in the 
literature. The rate of pozzolanic reactions is slower in a wet curing state than in a heat-curing condition. Because all of the mixes in 
this series had low water to binder ratio and were cured at 25 °C and 100 % humidity until the day of testing when significant per- 
centages of microsilica are utilized, a part of the microsilica stays unhydrated. When a high dosage of microsilica is employed, it cannot 
react with all of the available calcium hydroxides. As a result, the excess microsilica acts as a filler material without contributing to 
pozzolanic processes” [60,61]. 

Fig. 5 depicts the impact of various sand grain size distributions on the CSs of concrete. This graph covers the findings of M-1, M-2, 
M-3, and M-7. When comparing the findings of M-1 and M-2, using a finer Sand-B enhanced concrete CS, especially at later ages. “The 
maximum particle size in the paste matrix for M-2 is 650 um, which is 10 times smaller than that of M-1. M-2 paste matrix is denser 
than the M-1 paste matrix, resulting in higher CSs. However, if the mixes included 5 % microsilica, the sand had no impact on the CSs. 
The impact is seen in the findings of M-3 and M-7 mixes”. This discovery is due to microsilica potentially filling holes generated by the 
use of bigger sand particles and making the paste denser. The CSs of these two mixes were comparable after 90-d. The difference in 
maximum sand particle sizes between the four mixes is minor. 

The compressive-strength values for mixes comprising Class C FA are shown in Fig. 6. The mixes shown in Fig. 6 are M-1 M-8, M-9, 
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Fig. 2. Flow measurements of ultrahigh-performance concrete mixes. 
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Fig. 4. The influence of microsilica on the CSs of concrete at various ages. 


M-10, and M-11. “As seen in Fig. 6, when the FA percentage exceeds 30 %, the CS is lower than in mixes with a lower FA content. When 
compared to M-1, the 1-d strengths of M-8, M-9, M-10, and M-11 fell by 13 %, 65 %, 97 %, and 14%, respectively. The use of FA reduces 
the heat produced in the hydration process at early ages, and hence the strength. Concrete mixes containing FA develop substantial CS 
over time. The pozzolanic interactions of FA with calcium hydroxide produce C-S-H, which strengthens the paste matrix. At 28-d, the 
CSs of M-8 and M-9 are 5 % and 11 % higher, respectively, whereas M-10 is marginally weaker than M-1. M-8, M-9, and M-10 CSs were 
5 %, 8 %, and 9 % stronger than M-1,” respectively. 

A FA percentage of 40 % generated the maximum CSs at 7, 28, 56, and 90-d of age, as illustrated in Fig. 5. M-9 mix percentage 
would be appropriate for concrete constructions where 1-d CS is not a concern or if heat-curing is a possibility. The 1-d CS of M-8 was 
14 % lower than that of M-1, while the 90-d CS was 7 % higher. Furthermore, when comparing mixes of M-8 and M-11, the extra 
microsilica of 7.5 % in M-11 had no impact on the CS of the concrete, despite the fact that the findings of M-3 suggested a beneficial 
influence of microsilica. The pozzolanic reaction was achieved without the use of microsilica since the FA level was 30 %. The use of FA 


B.A. Tayeh et al. Case Studies in Construction Materials 17 (2022) e01495 


140 mSand-A(M-1) =Œ Sand-B (M-2) = Sand-A(M-3) = Sand-B (M-7) 


130 
120 


110 


100 
90 : 
80 
70 
60 
50 
1 7 
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and microsilica in the same ultrahigh-performance concrete mix percentage may reduce the influence of each component [9,37,44,62, 
63]. 

The link between the binder dosage and the CS of concrete is seen in Fig. 7. This figure comprises the findings of M-1, M-12, M-2, M- 
13, and M-7. As demonstrated in the figure, the CS of concrete improves as the total binder amount increases, independent of 
microsilica level or sand type. As the binder content increases, the paste matrix becomes stronger and can withstand larger compressive 
pressures. “Furthermore, with a water to binder ratio of 0.25, not all cement particles were hydrated, therefore the unhydrated cement 
particles enhanced the packing factor. The CSs of M-12 at 1, 7, 28, 56, and 90-d for concrete mixes comprising Sand-A were 27, 9, 11, 
55, and 28 % larger than those of M-1, respectively. The sole difference between the two mixes was, once again, the binder content [10, 
20,35]. As the binder dosage of the concrete mixes comprising Sand-B, with or without microsilica, rose, so did the CS. M-14 has the 
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Fig. 7. The influence of binder content on the CSs of concrete at various ages. 


greatest 90-d CS because of its high binder dosage, Sand-B, and 5% microsilica. M-15 carried an extra 30 % FA as compared to M-14. 
M-15’s 1-d CS was 41 % lower than M-14’s strength.” This difference is attributable to the impact of FA on early strength development. 


5. Conclusions 
The following conclusions are drawn from the findings of this experimental investigation: 


1. Ultrahigh-performance concrete mixes utilizing locally available ingredients can be created. 

2. When compared to natural grain size distribution sand, the usage of finer sand enhances CS. When microsilica is added, however, 
this impact is minimized. 

. With a total binder of 1050 kg/m, 7.5 % microsilica, and Sand-A, a CS of 175 MPa was reached after 90-d. 

. The CS improves as the binder dosage increases, regardless of microsilica level or sand type. 

. AFA percentage of 40 % resulted in the maximum 90-d CS, whereas the content of 30 % had no impact on the strengths at any age. 

. A FA dosage of more than 40 % declined the CS of the concrete at early ages while increasing it at later ages. 

. The CRs impacted the CS of concrete. CR III produced the greatest CSs. 


NOB WwW 


6. Future studies 
In future research, it will be necessary to investigate the effects of other ratios different from those in this study, especially the size 


of sand grain size distribution, as well as other supplementary cementitious materials, on the performance of ultra-high performance 
mechanical concrete at full depth. 
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